Optical manipulation of the wave function of quasiparticles in a solid 
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PACS numbers: 71.36. +c 

Polaritons in semiconductor microcavities are 
hybrid quasiparticles consisting of a superposi- 
tion of photons and excitons. Due to the pho- 
ton component, polaritons are characterized by a 
quantum coherence length in the several micron 
range. Owing to their exciton content, they dis- 
play sizeable interactions, both mutual and with 
other electronic degrees of freedom. These unique 
features have produced striking matter wave phe- 
nomena, such as Bose-Einstein condensation^ |2] . 
or parametric processes j3j |4] able to generate 
quantum entangled polariton states [5j [6]. Re- 
cently, several paradigms for spatial confinement 
of polaritons in semiconductor devices have been 
established 1 | |10]. This opens the way 
to quantum devices in which polaritons can be 
used as a vector of quantum information [12j. An 
essential element of each quantum device is the 
quantum state control. Here we demonstrate con- 
trol of the wave function of confined polaritons, 
by means of tailored resonant optical excitation. 
By tuning the energy and momentum of the laser, 
we achieve precise control of the momentum pat- 
tern of the polariton wave function. A theoretical 
model supports unambiguously our observations. 

The key feature of polaritons in respect of confinement 
is their very small effective mass, which is about 10 5 times 
smaller than the free electron mass. Hence, confinement 
over a few microns is enough to produce an atom-like 
spectrum with discrete energy levels. The photonic com- 
ponent of polaritons also allows control of the electronic 
excitations by optical means. These features hold great 
promise for devices where quantum correlations can be 
generated and controlled over long spatial range [T2"] . 

The sample we used to carry out our studies consists 
of a single quantum well (QW) embedded in a planar mi- 
crocavity (MC) with a mesa pattern on the spacer layer 
[TT] (see also Fig. 1 and Methods). Patterning the cavity 
thickness results in a modulation of the photon resonance 
energy, which corresponds to a potential trap, with finite 
energy barriers, able to confine polaritons. The confined 
polariton modes are then characterized by a discrete en- 
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FIG. 1: Sketch of the sample (not to scale). Single quantum 
well embedded in a A cavity with the exciton resonance at 
1.484 eV. The sample has mesas of three different sizes and 
is wedge shaped. 

ergy spectrum and spatially confined patterns [TU1 H5] - 
We excited the sample optically with a cw laser and per- 
formed 2D k-space imaging and spatially resolved spec- 
troscopy. All the studies we present here have been car- 
ried out in the linear response regime. 

Figure [2|i shows the spatially resolved photolumines- 
cence spectrum of a 9 /im mesa at negative detuning, 
under non-resonant excitation. One can clearly distin- 
guish the confined lower (1481.3-1484 meV) and upper 
(1485.5-1489.5 meV) polariton states in the mesa as well 
as the continuum states of the polaritons from the sur- 
rounding planar MC. This energy spectrum corresponds 
well to what is expected from theory for a 9 /im trap 
with cylindrical symmetry [TOj E] . Figure [2J) shows the 
emission patterns in the 2D k-space of different confined 
lower polariton states. For this kind of measurements we 
excited the states resonantly in energy and k||. We con- 
trolled the in-plane momentum k|| = (k x , k y ) transferred 
to the polaritons by varying the excitation angle 9 of the 
laser beam (fcy oc sin(^)/Aj aser ). The observed emission 
patterns are proportional to the momentum probability 
distribution of the excited states thus allowing us to ac- 
cess the squared absolute value \ip\ 2 of their wave func- 
tions. For resonant excitation, the emission is dominated 
by the resonant linear response, while the photolumincs- 
cence due to energy relaxation is negligible 
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FIG. 2: a) real space spectrum of a 9 /tm mesa at 2 meV negative detuning (see Methods for detuning definition); upper and 
lower polariton branches of the 2D and OD polaritons are clearly visible, b) k-space images of resonantly excited states from 
the OD lower polariton branch. The states can be labeled with two quantum numbers n and m. 2 mj gives the number of 
nodes along on a full circle, while n corresponds to the number of lobes in radial direction. 



The eigenstates \n, m) can be labeled by a radial quan- 
tum number n (1,2,3...) and an angular quantum num- 
ber m (0, ±1, ±2 . . .) with no restriction over m [15]. The 
±m states are degenerate due to the cylindrical symme- 
try of the potential. This symmetry should be visible 
in the observed emission pattern. Figure ^p) shows that 
the emission at the energies of the states with \m\ > Q and 
hence the polariton wave functions of these states feature 
lobes along the angular direction (f>. These lobes are ev- 
idence of a breaking of the symmetry, which can come 
either from an anisotropy of the confinement potential or 
from the incidence angle of the excitation beam. We will 
see that the anisotropy plays a role only for the m = ±1 
doublet of the 3 /im mesa. In 9 /xm mesas the anisotropy 
of the potential can be neglected in first approximation. 
The specific pattern comes then from the coherent ex- 
citation of the ±m states at a k\\ ^ 0. The phases of 
the two eigenstates are locked at the laser position in k- 
space. Due to the angular dependence of the eigenstates 
wave functions {^p± m oc e ±ml ^), their phases evolve with 
opposite signs along 4>. Since the observed image is pro- 
portional to iV'+m + V'-ml 2 , the phase difference of the 
two components gives rise to positive and negative inter- 
ferences along <j). The number of nodes on a full circle 
is hence equal to 2 |m|. The number of lobes in radial 



direction corresponds to n. The same conclusions hold 
for all degenerate m-doublets in all investigated mesas. 

This phase locking effect can be used to manipulate the 
wave functions of degenerate doublet states. By chang- 
ing the position of the excitation along <j) in k-space, 
the phase of the ±m components is changed, and thus 
the interference pattern. This is demonstrated in Fig. 
[3] for the second excited state (1,±2) in a 3 fim mesa. 
The intensity lobes follow the rotation of the laser. This 
demonstrates control over the probability distribution of 
polaritons in momentum space and also in real space. 

Unlike the larger mesas, the 3 /im mesas have a non 
negligible cllipticity (b/a ss 1-29), which can lift the de- 
generacy of m = ±1 doublet states. This is the case 
for the first eigenstate doublet \a) and \b), which can be 
pictured as linear combinations of the m = ±1 states of 
a cylindrical structure with the same average diameter: 
\a) = ^(|1,-1>+|1,+1» and|6) = ^(|1, +1))- 
Therefore these eigenstates feature lobes along <f> and 
their orientation is fixed by the axis of the ellipse. A 
degeneracy lift has only been observed for this lowest 
doublet state, as expected from theory. The splitting of 
the non-degenerate doublet increases with negative de- 
tuning due to the decreasing effective mass and is about 
0.11 ± 0.04 meV at zero detuning. This agrees with the 
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FIG. 3: Lobes of the degenerate second doublet state in a 3 fim mesa following the rotation of the laser in k-space. The mesa 
was at zero detuning. The upper part shows the experimental results and the theoretical results from the simulation are shown 
in the lower part of the figure. The red spot which is visible in each experimental image of this figure is an emission maximum 
arising from the laser light transmitted directly through the cavity beside the mesa. This makes it easy to observe the excitation 
angle. In the simulation images the laser position is marked by a circle. 



0.08 meV expected from our model. If the splitting is 
large enough (> 0.1 meV) one can excite independently 
the \a) or \b) state. In this case the lobes do not follow 
the rotation of the laser since there is no longer interfer- 
ence between two eigenstates. The lobes will just vary 
in intensity depending on the overlap between the plane 
wave of the laser and the wave function of the eigenstate. 

Depending on the detuning, the momentum distribu- 
tion of these split states can nevertheless be manipulated. 
At negative detuning the energy splitting can be signif- 
icantly larger than the natural lincwidth of the modes 
(« 85 /ieV). As the laser spectral width is smaller (< 25 
/ieV), it is possible to excite only one state, but with dif- 
ferent energies. Then the measured momentum pattern is 
that of the corresponding eigenstate. In the case of a split 
doublet with sizeable spectral overlap, the laser energy 
can be tuned between the eigenenergies of the two split 
states. As a consequence, it is then possible to vary the 
relative amplitude and phase of the two contributions to 
the linear response thanks to the different overlap of the 
laser with the two states. In this case one can rotate the 
polariton momentum distribution by rotating the laser 
momentum kii as shown before and also by varying the 
laser energy. This offers additional control: by tuning 
the laser energy one can control the orientation of the 
lobes with respect to the laser position in k-space. Fig- 
ure [4] shows the results of an experiment where we kept 
the excitation position in k-space constant and changed 
the excitation energy between two split states with sig- 
nificant spectral overlap. 

As the figures [3] and [4] show, the experimental re- 
sults presented here can be reproduced with a theo- 
retical model which is described into more detail in 
[15] . We start from the bosonic exciton-photon Hamil- 
tonian |17l 119] and we adopt a linearized mean-field ap- 
proach |18j . In this approach and considering a coher- 



ent monochromatic optical pump F(r,t) — e~~ lut Fo(r) , 
the coherent exciton and photon fields <j> XiC (r,£) evolve 
with the frequency of the laser source as $ I C (r,i) = 
e~ %UJt <& xc (v). Their steady-state shape *° )C (r) obeys 
a set of two coupled Schrodinger-like equations for the 
exciton-photon problem (TTJ ITS] 



h 2 V 2 
2m x 



$°(r) = M7 R $°(r) , (1) 



(e c (V) + U c (r) -Huj- i7c ) $°(r) = M^$°(r) + F(r) , 

(2) 

where m x is the exciton mass, e c (fc) is the cavity photon 
dispersion accounting for the photon-exciton detuning, 
U c is the photon confining potential, MIr is the exciton- 
photon coupling and the decay rates j XtC account for the 
finite lifetime of the two species. Here we are omitting the 
non-linear terms because we are interested in the linear 
regime (see discussion below). From these equations, it 
is clear that the phase of the coherent fields & x , c (r 7 t) 
generated by the coherent pumping is locked to the phase 
of the laser source. The coherent fields in k-space are 
obtained from the fields Q x c (r) via Fourier transform. 

From Eqs. Q and we see that the exciton co- 
herent field is expected to have the same shape as the 
photon field, i.e. $°(r) = X<S>°(r) and <I>°(r) = C$°(r), 
as a result of the exciton-photon coupling. The relative 
intensity defines the exciton amount as 



/rfr|q>g(r) 
' ' fdr\<S>°(r) 



(3) 



where |^(r)| 2 =| $°(r) | 2 + | $°(r) | 2 . This clearly 
proves that, since \X\ 2 ~ 0.5, the reported manipulation 
of the emitted optical field also implies the manipulation 
of the matter field. 
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FIG. 4: Manipulation of the wave functions of the split first doublet in a 3 fim mesa (ss 3 meV negative detuning) by changing 
the excitation energy while keeping the excitation point constant. Upper part: experiment; Lower part: theoretical results. 
The polariton lifetime in our sample is about 15 ps, which leads to an energy linewidth of the eigenstates much broader than 
the spectral width of the laser. The lobes rotate due to the different contributions of the eigenstates to the linear response. 



For the calculations, we use a confining potential in 
agreement with AFM images of the mesas, thus account- 
ing for the weak ellipticity of the samples. The de- 
cay rates are assumed to be j c = 0.05 meV, in agree- 
ment with the reported photon lifetime t c — 15 ps, and 
"f x = 0.01 meV. The other parameters are obtained from 
the experimental characterization of the sample. 

The effect of polariton-polariton interactions could be 
very important, especially in presence of spatial confine- 
ment. By including the non- linear terms in Eqs. ( 1|2 ) 
[TB] we have checked that this is not the case for the pump 
intensities used in this experiment. Therefore, all the re- 
ported features are entirely due to the linear response of 
the polariton system to resonant laser excitation. 



METHODS 



The investigated sample consists of a single semiconductor quan- 
tum well (QW) placed in the middle of a A microcavity (MC) 
(see Fig. [TJ. The QW, which is composed of a 8 nm thick 
Ino.04Gao.96As layer sandwiched between two GaAs barrier lay- 
ers, shows a sharp exciton resonance (500 fieV FWHM) at Ex = 
1.4846 eV. The two distributed Bragg reflectors (DBRs) of the MC 
are made of 21 (top) and 22 (bottom) layer pairs of AlAs/GaAs. 
The resonance energy of the cavity E c = ch/X c is given by the 
cavity spacer thickness \ c /n. The sample is wedge-shaped thus 
allowing to change the energy detuning (5 = E c — Ex) between 
the cavity photons and the QW excitons as a function of sampling 
position. The Rabi splitting (the energy difference between the 
upper and lower polariton branch at kii = 0) has a value of 3.5 
meV at zero detuning. Round mesas of different sizes (3, 9 and 19 
lira in diameter) have been etched on the top of the spacer before 
growing the upper DBR lll| . This leads to a locally lowered reso- 
nance energy E c = hjj c of the cavity. The mesas have a height of 
6 nm, which corresponds to a potential depth of about 9 meV at 
the exciton energy 1101 . Thus the mesas act as a three dimensional 
trap for MC photons. The confined photon modes couple to the 
2D excitons thus creating the upper and lower confined polariton 
branches [20| , The anti-crossing behaviour of all confined polari- 
ton modes has been shown in |13| . When talking about detuning 



in the context of confined polaritons we always refer to the energy 
difference between the lowest confined photon mode and the 2D ex- 
citons. At zero detuning for example the ground state is half light 
half matter while the excited states of the confined lower polaritons 
have an higher excitonic component. 

To carry out our study we employed a photoluminescence setup 
in transmission configuration. The polaritons have been optically 
excited with a tunable cw Ti:Sa laser. For non resonant excita- 
tion the laser has been tuned at the first reflectivity minimum of 
the DBR's around 784 nm. The laser beam has been focused on 
the sample with a camera objective (f=55 mm and 1.2 aperture) 
providing an excitation spot of about 25 to 30 fim for all mea- 
surements. This provides a narrow distribution in k-space. The 
excitation power, which was about 5 mW for non resonant excita- 
tion and about 7 /iW for resonant excitation, was chosen in such 
a way that the system would always be in the linear regime. By 
displacing the excitation beam with a retroreflector parallel to the 
middle axis of the camera lens we changed the incidence angle and 
thus the in-plane momentum kii = (k x ,k y ) transferred to the po- 
laritons. 

The sample was kept in a continuous flow optical cryostat at 
around 5 K. On the detection side the photoluminescence light was 
collected with a microscope objective with high numerical aper- 
ture (NA = 0.55). The collimated luminescence light was split by 
a beam splitter. One part of the beam was dispersed by a spec- 
trometer (25 fieV resolution) and recorded with a nitrogen cooled 
CCD camera. The second part of the beam was sent to an angle 
resolved imaging setup in order to measure the in-plane momentum 
k|| = (k x ,k y ) of the resonantly excited polaritons. The emission 
angle of the luminescence light from a MC is proportional to the 
in plane momentum of the emitter (polariton) fcii <x sin(#)/A c . 
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